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Osteopontin mediates hypoxia-induced proliferation of cul- Numerous growth-promoting and growth-inhibitory
tured mesangial cells: Role of PKC and p38 MAPK. factors are implicated in the regulation of mesangial cell
Background. We previously reported that hypoxia induces proliferation and extracellular matrix synthesis both in
the proliferation of cultured mesangial cells mediated by the
vitro and in vivo [1]. We recently reported that exposurestimulation of intracellular calcium and the activation of pro-
of cultured mesangial cells to 24 to 72 hours of hypoxiatein kinase C (PKC). In the present study, we examined the
induces proliferation and stimulates extracellular matrixroles of mesangial cell specific growth factors (platelet-derived
growth factor and endothelin-1) and osteopontin (OPN) in synthesis [2, 3]. In addition, we found that hypoxia im-
hypoxia-induced proliferation of mesangial cells. In addition, pairs the differentiation of cultured LLC-PK1 renal tubu-
we determined the effect of hypoxia on p38 mitogen-activated lar epithelial cells and 3T3-L1 fibroblasts, and inducesprotein (MAP) kinase activity and the roles of both PKC and
proliferation and dedifferentiation of LLC-PK1 cellsp38 MAP kinase in hypoxia-induced alterations in OPN and
[4–6]. Others have shown that hypoxia also stimulatesmesangial cell growth.
Methods. Quiescent cultures of mesangial cells were ex- proliferation and/or extracellular matrix production by
posed to hypoxia (3% O2) or normoxia (18% O2) in a serum- cultured tubulointerstitial, mesangial, and endothelial
free medium, and [3H]-thymidine incorporation, OPN protein cells and dermal fibroblasts [7–11]. Despite the growing
and mRNA expression, and p38 MAP kinase activity were evidence of a mitogenic and fibrogenic role for hypoxia inassessed.
multiple cell types, the underlying signaling mechanismsResults. Hypoxic-conditioned medium mimicked the effect
mediating these processes are poorly defined.of hypoxia on thymidine incorporation, suggesting the release
of diffusable growth promoting factor(s) by hypoxia. Neither We reported that hypoxia-induced proliferation of cul-
anti–endothelin-1 nor anti–platelet-derived growth factor-neu- tured mesangial cells is mediated by the stimulation of
tralizing antibodies had an effect on increased thymidine incor- intracellular calcium release and the activation of protein
poration induced by hypoxia. However, blocking the effects of
kinase C (PKC) [2]. PKC activation was also found toOPN either with anti-OPN antibody or its b3 integrin receptor
be involved in the hypoxia-induced proliferation andantibody completely prevented the hypoxia-induced increase
dedifferentiation of LLC-PK1 cells and 3T3-L1 fibro-in thymidine incorporation. Hypoxia also stimulated OPN pro-
tein and mRNA levels. Hypoxia caused an acute activation of blasts [5, 6]. Activation of PKC modulates various cell
p38 MAP kinase, which was inhibited by both verapamil and functions indirectly via other serine/threonine kinases
an inhibitor of PKC (calph C). PKC inhibitor and an inhibitor commonly referred as mitogen-activated protein (MAP)
of p38 MAP kinase (SB203580) reduced the hypoxia-induced
kinases [12]. The MAP kinase family includes the ERKsstimulation of both OPN and cell growth.
(p42/44 MAP kinase) and stress-activated protein (SAP)Conclusions. These studies provide, to our knowledge, the
kinases consisting of c-Jun N-terminal kinase (JNK) andfirst evidence demonstrating the role of OPN in hypoxia-in-
duced proliferation of mesangial cells. In addition, hypoxia p38 MAP kinase. While ERKs are implicated in growth
causes an activation of p38 MAP kinase in a calcium- and factor-induced mitogenesis and JNK in the induction of
PKC-dependent manner, and the activation of PKC and p38 apoptosis, the role of p38 MAP kinase remains contro-
MAP kinase appears to be involved in the stimulation of both
versial. Recent evidence suggests that the activation ofOPN and mesangial cell proliferation induced by hypoxia.
p38 MAP kinase by cellular stress could be involved
in diverse responses involving both cell apoptosis and
proliferation [13, 14].Key words: cell growth, protein kinase C, mitogen-activated protein
kinase, ischemia, glomerulosclerosis, osteopontin. Hypoxia has been shown to induce the synthesis of
specific growth factors in a cell- and tissue-specific man-Received for publication October 8, 1999
ner, which includes: erythropoietin (EPO) in the kidneyand in revised form February 11, 2000
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interleukin-6 (IL-6) in cultured endothelial cells [16–19]; (MPIIIB10) was obtained from the University of Iowa,
ET-1 in proximal tubular epithelial cells [20]; trans- Developmental Studies Hybridoma Bank, maintained
forming growth factor-b (TGF-b) in cultured dermal under NICHD contract NO1-HD-2-3144). Neutralizing
fibroblasts and proximal tubular epithelial cells [7, 21]; polyclonal antibodies to PDGF and ET-1 were pur-
and hypoxia-inducible factor-1 (HIF-1) in several cell chased from R&D Systems (San Diego, CA, USA).
systems [22]. We reported that hypoxia stimulates cDNA probe for OPN was generously provided by Ce-
TGF-b1 expression in cultured mesangial cells, which cilia Giachelli (University of Washington, Seattle, WA,
was associated with increased extracellular matrix syn- USA). All other reagents were of high chemical grade
thesis [3]. from Sigma (St. Louis, MO, USA).
Osteopontin (OPN), a secreted matrix protein and
Cell cultureadhesion molecule, recently has emerged as an important
growth-promoting factor for several cell systems [23–25]. Primary cultures of glomerular mesangial cells were
Of interest, most vasoconstrictive growth factors stimu- established from the kidneys of healthy Sprague-Dawley
late OPN synthesis in a cell-specific manner [26]. OPN rats as previously described [2]. Cultures were grown in
contains an arginine-glycine-aspartate (RGD) motif that RPMI 1640 medium supplemented with 20% fetal bo-
binds to a specific avb3 integrin receptor, which leads to vine serum, 0.3 U/mL insulin, and the antibiotics were
cell spreading, adhesion, and proliferation [27]. OPN referred to as growth medium (GM). Cultures were
secretion appears to have both beneficial and harmful maintained in 75 cm3 flasks with GM at 5% CO2/18%
effects in the kidney. Beneficial effects of OPN include O2 environment under rocked conditions as previously
the inhibition of stone formation [28], regeneration of described [2]. Cells were passed by trypsinization after
proximal tubular cells after acute ischemic injury [29–31], they reached 80% confluency and utilized between pas-
and tubulogenesis [32]. Renal expression of OPN is also sages 3 and 12 for all of the studies.
up-regulated in various animal models of renal fibrosis
and glomerulonephritis, where OPN increases are associ- Experimental protocol
ated with increased influx of monocytes/macrophages, To assess the effect of hypoxia on all the parameters
suggesting a damaging role for OPN in progressive renal described in this article, mesangial cells were subcultured
disease [33–39]. In addition, OPN levels are increased in GM until they reached 60 to 70% confluency. At this
during the repair process of glomerular injury in an anti– time, the GM was removed, and cells were washed with
Thy-1 model of glomerulonephritis, directly implicating
insulin and serum-free GM (referred as serum-free me-
OPN in the proliferation of mesangial cells in vivo [40].
dium) and incubated in the same medium for 48 hoursMesangial cells in culture also exhibit substantial quanti-
to achieve quiescence. Quiescent cultures were then ex-ties of both OPN mRNA and protein, which can be
posed either to hypoxia (3% O2, medium pO2 5 30 toregulated by serum and specific growth factors [40, 41].
40 mm Hg) or normoxia (18% O2, medium pO2 5 140In the present study, we determined: (1) whether hyp-
to 150 mm Hg) in a serum-free medium for varyingoxia-induced proliferation of cultured mesangial cells is
lengths of time, and cell proliferation, OPN expression,mediated by the release of diffusable growth promoting
and p38 MAP kinase activity were assessed. All experi-factor(s); (2) whether the induction of ET-1, PDGF, or
ments were carried out in paired fashion with parallelOPN accounts for increased mesangial cell proliferation
assessments of cells exposed to normoxia and hypoxia.induced by hypoxia; (3) the effect of hypoxia on p38
MAP kinase activity; and (4) the roles of PKC and p38 Assessment of cell proliferation
MAP kinase in hypoxia-induced stimulation of OPN syn-
[3H]-thymidine incorporation was used as an indexthesis and mesangial cell growth.
of cell proliferation and was carried out as previously
described [2]. Briefly, mesangial cells were subcultured
METHODS in six-well plates. Cultures were then rendered quiescent
Materials and exposed either to hypoxia or were maintained nor-
moxic in serum-free medium for 24 hours. One mCi/mLMale Sprague-Dawley rats weighing 200 to 250 g were
of [3H]-thymidine (specific activity 20 Ci/mmol) wasobtained from Harlan Laboratories (Indianapolis, IN,
added to each well in the last four hours of incubation.USA). [3H]-thymidine, [g-32P] adenosine 59 trisphos-
At the end of 24 hours of incubation, media were re-phate, and [32P]-dCTP were purchased from ICN (San
moved, and cells were washed with 10% trichloroaceticDiego, CA, USA). SB203580 (an inhibitor of p38 MAP
acid and digested with 0.5 N NaOH. Radioactivity in thekinase) was purchased from Cal Biochemicals (San
cell digest was counted in a Beckman Liquid ScintillationDiego, CA, USA). A neutralizing antibody to b3 integrin
Counter, and [3H]-thymidine incorporation is expressedreceptor (F11 clone) was received from Pharmingen (Los
Angeles, CA, USA). A rat monoclonal antibody to OPN as total cpm per well.
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Western blot analysis centrifuged for 10 minutes (10,000 3 g) at 48C, and the
supernatants were adjusted to 100 to 200 mg protein inTo assess the effect of hypoxia on OPN protein expres-
0.5 mL. Five milliliters of antiserum against p38 MAPsion, cells were subcultured in six-well plates and pro-
kinase (#Sc-535 rabbit polyclonal antisera; Santa Cruzcessed in a fashion similar to growth studies. Quiescent
Biotechnology, Inc., CA, USA) were added to each sam-cultures were exposed in a serum-free medium either to
ple, along with 100 mL 10% protein G-Sepharose (Phar-hypoxia or normoxia for 2 to 24 hours. At the end of
macia, Uppsala, Sweden). After two hours of rockingeach incubation, conditioned medium was removed and
incubation at 48C, the immunoprecipitates were washedcentrifuged at 1000 rpm for five minutes to remove any
three times in lysis buffer and resuspended in 40 mL ofcell debris. Supernatants were then mixed with sodium
50 mmol/L b-glycerophosphate (pH 7.2), 0.1 mmol/Ldodecyl sulfate (SDS)-sample buffer, boiled for five min-
sodium vanadate, 20 mmol/L MgCl2, 200 mmol/Lutes, and subjected to 10% SDS-polyacrylamide gel elec-
g-32P-ATP (5000 cpm/pmol), 50 mg/mL IP-20, and thetrophoresis (SDS-PAGE). Proteins were transferred to
substrate peptide, which was 100 mg/mL recombinantnylon membrane and blotted for OPN using a 1:10 dilu-
amino terminal domain of ATF-2 (ATF-2NT). The IP-tion (5 mg/mL) of MPIIIB10 OPN antibody. The bound
20, an inhibitor of protein kinase A, is included routinelyprimary antibody was detected with a horseradish perox-
in kinase assays, despite the fact that epidermal growthidase-conjugated secondary antibody and visualized with
factor receptor is not a substrate for kinase A. The reac-an enhanced chemiluminescence (ECL) method (Amer-
tions were incubated for 20 minutes at 308C and thensham, Arlington Heights, IL, USA). Quantitations of
stopped by the addition of hot SDS sample buffer, andWestern blots were performed by densitometric analysis
the lysates were heated in a boiling water bath for fiveusing an Eagle Eye II Video System.
minutes and subsequently subjected to SDS-PAGE on
a 10% polyacrylamide gel, followed by autoradiography.Northern blot analysis
For the assessment of OPN mRNA levels, mesangial Statistical analyses
cells were subcultured in 75 cm3 flasks and processed in
All statistical analyses were carried out by paired
a manner similar to Western blotting analysis. Quiescent
or unpaired Student’s t-test or by analysis of variance
cultures were exposed either to hypoxia or normoxia in
(ANOVA) with Bonferroni correction.
a serum-free medium for 2 to 24 hours. At the end of
each incubation time, cultures were harvested and total
RESULTSRNA was isolated by TRIzol reagent method (GIBCO-
BRL, Grand Island, NY, USA). Twenty micrograms of Effect of hypoxia on cell proliferation under
total RNA were electrophoresed in a 1% agarose gels, serum-free and serum-supplemented conditions
transferred to nitrocellulose membranes, and hybridized In a previous study from our laboratory using cultured
with 32P-labeled rat OPN cDNA probe 2B7 labeled by rat mesangial cells, under serum-free conditions, hyp-
random priming. The hybridization signals were normal- oxia-induced cell proliferation as demonstrated by sig-
ized to those of 18s RNA to correct for differences in nificant increases in both [3H]-thymidine incorporation
loading or transfer. Quantitations of Northern blots were and cell number [2]. Similar to these previous observa-
performed by densitometric analysis using an Eagle Eye tions, hypoxia induced a significant 85% increase in [3H]-
II video system. thymidine incorporation under serum-free conditions
when compared with respective normoxic controls (Fig.
Measurement of p38 MAP kinase activity 1). Exposure of mesangial cells to 10% serum under
For the measurement of p38 MAP kinase activity, normoxic conditions produced a fivefold increase in [3H]-
mesangial cells were subcultured in 100 mm dishes, ren- thymidine incorporation (Fig. 1). Hypoxia also enhanced
dered quiescent, and exposed to hypoxia or normoxia serum-induced proliferation as demonstrated by a fur-
for 5 minutes to 24 hours. In some experiments, cells ther 51% increase in [3H]-thymidine incorporation as
were pretreated either with verapamil, calcium-free me- compared with normoxic cells (Fig. 1). These results
dium, or calph C for 30 minutes, followed by exposure indicate that hypoxia induces the proliferation of cul-
to hypoxia or normoxia for 60 minutes. At the end of tured mesangial cells under both serum-free and serum-
incubation, the p38 MAP kinase activity was assessed. supplemented conditions. All subsequent studies were
Cells were washed three times with ice-cold Tris-buf- carried out under serum-free conditions.
fered saline and then lyzed in ice-cold lysis buffer [50
Effect of hypoxic conditioned media onmmol/L b-glycerophosphate, pH 7.2, 0.5% Triton X-100,
cell proliferation0.1 mmol/L sodium vanadate, 2 mmol/L MgCl2, 1 mmol/L
egtazic acid (EGTA), 1 mmol/L dithiothreitol (DTT), 2 We then determined whether hypoxia-induced mesan-
gial cell proliferation under serum-free conditions is as-mg/mL leupeptin, 4 mg/mL aprotinin]. The lysates were
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Fig. 1. Effect of hypoxia on [3H]-thymidine incorporation under se-
rum-free and serum-supplemented conditions. Quiescent mesangial
cells were exposed to hypoxia (j) or normoxia ( ) for 24 hours in a
serum-free or serum-supplemented (10% serum) medium followed by
the assessment of [3H]-thymidine incorporation as described in the
Fig. 2. Effect of hypoxic-conditioned media (H-CM) on mesangial cellMethods section. Each value is mean 6 SE of seven separate determina-
proliferation. Quiescent mesangial cells were incubated for 24 hourstions.
either with H-CM or normoxic-conditioned media (N-CM) under nor-
moxia or hypoxia, and [3H]-thymidine incorporation was assessed. Each
value is mean 6 SE of four separate determinations.
sociated with the release of growth promoting factor(s)
into the medium. Quiescent cultures of mesangial cells
role of these factors were first examined on hypoxia-were first exposed to hypoxia or normoxia in a serum-
induced proliferation of mesangial cells. Quiescent cul-free medium for 48 hours. At the end of incubation,
tures in a serum-free medium were exposed to normoxiahypoxic-conditioned medium (H-CM) and normoxic-
or hypoxia for 24 hours in the absence or presence ofconditioned medium (N-CM) were collected and centri-
either anti–ET-1 neutralizing antibody (1 mg/mL) orfuged to remove any cell debris, and the supernatants
anti–PDGF-BB-neutralizing antibody (0.1 mg/mL), orwere stored at 2208C. Subsequently, quiescent mesan-
control IgG (1 mg/mL), and [3H]thymidine incorporationgial cells were exposed to normoxia and hypoxia for 24
was assessed.hours either with H-CM or N-CM, and [3H]-thymidine
incorporation was assessed. Cultures exposed to nor- Hypoxia significantly stimulated [3H]-thymidine incor-
poration in comparison with normoxic cells (Fig. 3).moxia or hypoxia with fresh serum-free medium served
as controls. Neither anti–ET-1 neutralizing antibody nor anti–
PDGF-neutralizing antibody had any significant effectSimilar to our observations in Figure 1, hypoxia stimu-
lated [3H]-thymidine incorporation in control cultures in preventing the increased [3H]-thymidine incorporation
induced by hypoxia (Fig. 3). Control IgG also had no(Fig. 2). Exposure of cells to H-CM under normoxic
conditions significantly stimulated [3H]-thymidine incor- effect. Both ET-1 and PDGF-neutralizing antibodies had
no significant effect on [3H]-thymidine incorporation un-poration in comparison to cells exposed to N-CM under
similar experimental conditions (Fig. 2). H-CM had no der normoxic conditions (data not shown). Therefore,
hypoxia-induced proliferation of mesangial cells doesadditional effect on [3H]-thymidine incorporation under
hypoxic conditions when compared with hypoxic con- not appear to be mediated by the release of ET-1 or
PDGF.trols. These results demonstrate that H-CM can mimic
the effect of hypoxia on mesangial cell proliferation,
Role of osteopontin in hypoxia-induced mesangialsuggesting the secretion of diffusable growth promoting
cell proliferationfactor(s) by hypoxia.
Cultured mesangial cells have been found to exhibit
Role of ET-1 and PDGF in hypoxia-induced a significant quantity of OPN mRNA levels and secrete
mesangial cell proliferation substantial amount of OPN protein [40, 41]. Immunocy-
tochemical detection of OPN by double staining of mes-Since ET-1 and PDGF are the most potent autocrine
mitogenic growth factors for mesangial cells [42, 43], the angial cells with a mesangial cell specific marker antigen
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Fig. 3. Role of endothelin-1 (ET-1) and platelet-derived growth factor Fig. 4. Role of osteopontin (OPN) in hypoxia-induced proliferation
(PDGF) in hypoxia-induced proliferation of mesangial cells. Quiescent of mesangial cells. Quiescent cultures were exposed to hypoxia or nor-
cultures of mesangial cells were exposed to hypoxia or normoxia for moxia for 24 hours in the absence or presence of anti-OPN antibody
24 hours in the absence or presence of either anti–ET-1 neutralizing (7.5 mg/mL), anti-b3 integrin receptor-neutralizing antibody (25 mg/mL),antibody (1 mg/mL), anti–PDGF-neutralizing antibody (0.1 mg/mL), or or control IgG (25 mg/mL) and [3H]-thymidine incorporation assessed.
control IgG (1 mg/mL) and [3H]-thymidine incorporation assessed. Each Each value is mean 6 SE of five separate determinations.
value is mean 6 SE of five separate determinations.
tures were exposed in a serum-free medium either toThy1.1 and OPN antibody has confirmed its synthesis in
mesangial cells [39]. We determined whether the induc- hypoxia or normoxia for 2, 6, 12, or 24 hours. At the
tion of OPN during hypoxia accounts for increased mes- end of each incubation time, OPN protein and mRNA
angial cell proliferation. Quiescent cultures were ex- expressions were assessed by Western blot and Northern
posed to normoxia or hypoxia for 24 hours in the absence blot analysis, respectively. As shown in Figure 5A, a
or presence of either anti-OPN antibody (MPIIIB10, 7.2 small amount of OPN protein (66 kD) was detected in
mg/mL), or anti-b3 integrin receptor-neutralizing anti- the conditioned medium of normoxic cells as early as 2
body (25 mg/mL) or control IgG (25 mg/mL) and [3H]- hours, which progressively increased during 24 hours of
thymidine incorporation was assessed. Blocking of OPN incubation. The size of OPN protein observed here is
effect either with OPN antibody or with its b3 integrin consistent with other studies reported in mesangial and
receptor neutralizing antibody completely prevented the tubular epithelial cells [26, 40, 41]. Exposure to hypoxia
hypoxia-induced increase in [3H]-thymidine incorpora- produced a biphasic increase in OPN protein levels as
tion (Fig. 4). Control IgG had no effect on [3H]-thymidine hypoxia induced 96 6 8% increase in OPN protein ex-
incorporation. Similar concentrations of these antibodies pression at 2 hours, had no effect at 6 hours, followed
have also been shown to block the Ang II-induced prolif-
by 152 6 15% and 45 6 6% increases at 12 and 24eration of cultured cardiac fibroblast [24]. Both OPN
hours, respectively, when compared with correspondingand b3 antibodies had no significant effect on cell pro-
normoxic controls (Fig. 5).liferation in normoxic cells (data not shown). These
Northern blot analysis demonstrated significant levelsfindings suggest that hypoxia-induced proliferation of
of OPN mRNA in normoxic mesangial cells, which re-mesangial cells may be mediated by increased synthesis
mained unchanged during 2 to 24 hours of incubationof OPN.
(Fig. 6A). Parallel to the increases in OPN protein ex-
Effect of hypoxia on osteopontin protein and pression by hypoxia, qualitatively similar alterations in
mRNA expression OPN mRNA levels were also observed. Exposure to
hypoxia produced an 175 6 18% increase in the mRNAWe then examined the effect of hypoxia on OPN pro-
tein and mRNA levels in mesangial cells. Quiescent cul- levels at two hours in comparison with normoxic control
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Fig. 5. Effect of hypoxia on OPN protein levels in mesangial cells.
Quiescent cultures were exposed in a serum-free medium either to
hypoxia or normoxia for 2, 6, 12, and 24 hours. At the end of the
Fig. 7. Effect of hypoxia on OPN expression in LLC-PK1 cells. Quies-respective incubation time, conditioned media were collected and pro-
cent cultures were exposed in a serum-free medium either to hypoxiacessed for OPN protein levels by Western blotting procedure using a
or normoxia for 6 and 24 hours, and OPN protein levels were assessedmonoclonal antibody to OPN (MPIIIB10, 5 mg/mL) as described in the
by Western blot analysis in a fashion similar to mesangial cells. AMethods section. A representative blot from six different experiments
representative blot from three different experiments is shown in (A),is shown in (A), and the densitometric analysis is shown in (B).
and the densitometric analysis is presented in (B).
hypoxia appears to increase OPN expression by a tran-
scriptional mechanism.
We also examined OPN expression in a renal tubular
epithelial cell line, LLC-PK1, where hypoxia was also
found to induce proliferation in a fashion similar to cul-
tured mesangial cells [6]. Quiescent cultures were ex-
posed to hypoxia or normoxia for 6 and 24 hours fol-
lowed by the assessment of OPN expression by Western
blot analysis. As shown in Figure 7, exposure to hypoxia
resulted in a 145 6 15% increase in OPN levels at 6
hours, which was further increased to 258 6 32% at 24
hours in comparison with OPN expressions observed
under respective normoxic conditions. Thus, hypoxia in-
duces a progressive increase in OPN expression in LLC-
PK1 tubular epithelial cells.
Role of PKC and p38 MAP kinase in hypoxia-induced
Fig. 6. Effect of hypoxia on OPN mRNA levels in mesangial cells. stimulation of OPN synthesis and cell proliferationQuiescent cultures were exposed to hypoxia or normoxia for 2 to 24
hours, as described in Figure 5. At the end of each incubation, total RNA We recently reported that hypoxia-induced increase
was isolated, hybridized with OPN cDNA probe 2B7, and subjected in calcium influx and PKC activation, in part, accountsto northern blot analysis as described in the Methods section. The
for the proliferation of cultured mesangial cells [2]. Inter-hybridization signals were normalized to 18s RNA for correction in
loading and/or transfer. A representative blot from four different experi- estingly, the pattern of biphasic increases in OPN expres-
ments is shown in (A). Densitometric analysis are presented in (B). sion by hypoxia in the present study (Fig. 5) paralleled
the biphasic activation of PKC observed in our previous
studies with mesangial cells [2]. These results suggest a
role for PKC activation in hypoxia-induced stimulation(Fig. 6). Subsequently hypoxia had no effect on OPN
mRNA levels at six hours. However, hypoxia induced of OPN synthesis. In addition to PKC, numerous cellular
stresses have been shown to activate p38 MAP kinase105 6 10% and 145 6 12% increases in OPN mRNA
expressions at 12 and 24 hours, respectively, in compari- in several cell system [12]. We now sought to determine:
(1) whether hypoxia activates p38 MAP kinase in mesan-son with corresponding normoxic controls (Fig. 6). Thus,
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Fig. 8. Effect of hypoxia on p38 MAP kinase activity in mesangial
cells. Quiescent mesangial cells were exposed to normoxia or hypoxia
for 5, 10, 30, and 60 minutes as well as 24 hours. At the end of each
incubation time, cells were harvested and processed for p38 MAP kinase
activity by immunoprecipitation and kinase assay using ATF-2 as a
substrate as described in the Methods section. A representative autora-
diogram is shown from three separate experiments.
gial cells; (2) whether increases in calcium-influx and
PKC activation account for the activation of p38 MAP
kinase; and finally (3) the role of PKC and p38 MAP
kinase in the stimulation of OPN synthesis and mesangial
Fig. 9. Role of calcium-influx and PKC activation in hypoxia-inducedcell growth induced by hypoxia.
stimulation of p38 MAP kinase. Quiescent mesangial cells were firstExposure of mesangial cells to hypoxia resulted in an
preincubated either with verapamil (Vp, 1026 M), calcium-free medium
activation of p38 MAP kinase beginning at 5 minutes, (2Ca), or calphostin C (calph C; 1026 M) for 30 minutes followed by
exposure to hypoxia or normoxia for 60 minutes. At the end of incuba-with a maximal of eightfold increase at 30 to 60 minutes,
tions, p38 MAP kinase activity was determined by immunoprecipitationand declined thereafter as assessed by immunoprecipita-
and kinase assay using ATF-2 as a substrate as described in the Methods
tion and kinase assay using ATF-2 peptide as a substrate section. A representative autoradiogram is shown from three separate
experiments in (A). (B) The densitometric analysis.(Fig. 8). Thus, hypoxia causes a substantial acute activa-
tion of p38 MAP kinase activity in mesangial cells. We
subsequently determined whether a hypoxia-induced in-
crease in calcium-influx and PKC activation accounts for
the stimulation of p38 MAP kinase activity. Cultures
were pretreated for 30 minutes either with verapamil
(Vp, 1026 M), calcium-free medium (2Ca), or calphostin
C (calph C, 1026 M) and exposed to hypoxia or normoxia
for 60 minutes followed by the assessment of p38 MAP
kinase activity. Similar to our results in Figure 8, cells
exposed to hypoxia for 60 minutes resulted in a signifi-
cant sevenfold stimulation of p38 MAP kinase activity
(Fig. 9). Treatment with verapamil or incubation in a
calcium-free medium caused 41 6 5% and 42 6 7%
inhibition of hypoxia-induced p38 MAP kinase activity
(Fig. 9). Calph C, an inhibitor of PKC, treatment resulted
in a 75 6 9% inhibition of p38 MAP kinase activity
induced by hypoxia (Fig. 9). Neither verapamil, calcium- Fig. 10. Role of protein kinase C (PKC), p38 mitogen-activated protein
(MAP) kinase, and calcium influx in hypoxia-induced OPN expression.free medium, nor calph C had any effect on the activity
Quiescent cells were pretreated for 30 minutes either with calph C (1026 M),of p38 MAP kinase under normoxic conditions (data not SB203580 (1026 M), or verapamil (Vp, 1026 M) followed by exposure
shown). to hypoxia or normoxia for 24 hours. At the end of incubations, OPN
protein levels were assessed by Western blot analysis. (A) A representa-We next determined the role of PKC and p38 MAP
tive blot is shown from four separate experiments. (B) Densitometrickinase in hypoxia-induced stimulation of OPN expres- analysis.
sion and cell growth. Cultures were pretreated for 30
minutes either with calph C (1026 M) or a specific inhibi-
tor of p38 MAP kinase (SB203580, 1026 M), or verapamil
increase in OPN expression in comparison with nor-(1026 M) followed by exposure for 24 hours to hypoxia or
moxic controls (Fig. 10). Treatment of cells with calphnormoxia. At the end of incubation, conditioned media
C or SB203580 completely prevented the increase inwere examined for OPN protein levels by Western blot
OPN protein levels induced by hypoxia (Fig. 10). Incuba-analysis, and cells were processed for [3H]-thymidine
tion with verapamil also produced a 48 6 6% inhibitionincorporation. Similar to our findings in Figure 5, cells
exposed to hypoxia for 24 hours resulted in a 56 6 9% of OPN levels induced by hypoxia (Fig. 10). These results
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with in vivo studies in which hypoxia was found to have
no effect on the expressions of ET-1 and PDGF in the
kidney [44]. Since OPN expression is up-regulated in
various forms of glomerulonephritis and renal fibrosis
[33–39], we assessed the role of this secretary protein in
hypoxia-induced proliferation of mesangial cells. Results
of our studies clearly indicate that the induction of OPN
plays a key role in hypoxic stimulation of mesangial cell
growth mediated by the stimulation of calcium influx and
the activation of PKC because: (1) hypoxia significantly
stimulated OPN protein and mRNA levels; (2) both anti-
OPN and b3 integrin receptor-neutralizing antibodies
completely prevented the increased mesangial cell prolif-
eration induced by hypoxia; and (3) calph C (an inhibitor
of PKC) as well as verapamil (a calcium channel blocker)
significantly reduced the increases in OPN induced by
hypoxia. OPN has been shown to contain arginine-glycine-
aspartate (RGD) motif that binds to specific avb3 integrin
receptor leading to stimulation of spreading and cell
proliferation [27]. Therefore, the ability of both anti-OPN
and b3 intregin antibodies to prevent hypoxia-inducedFig. 11. Role of PKC and p38 MAP kinase in hypoxia-induced prolifer-
ation of mesangial cells. Quiescent cells were pretreated for 30 minutes proliferation of mesangial cells suggests a functional role
either with 1026 M calph C or 1026 M SB203580 followed by exposure for OPN in mediating this process. In our present study,
to hypoxia or normoxia for 24 hours, and [3H]-thymidine incorporation
hypoxia induced a biphasic stimulation of OPN proteinwas assessed. Each value is mean 6 SE of five separate determinations.
levels in mesangial cells (Fig. 5). Hypoxia stimulated
OPN protein levels at two hours, followed by no change
at 6 hours and subsequent significant increases at 12 and
demonstrate an important role for PKC and p38 MAP 24 hours of examination. Hypoxia-induced increases in
kinase in hypoxia-induced stimulation of OPN synthesis OPN protein levels were associated with significant in-
in mesangial cells. creases in the steady-state levels of OPN mRNA, sug-
We have shown previously that a PKC inhibitor H7 gesting a transcriptional regulation of OPN gene. Of inter-
significantly blocks the hypoxia-induced proliferation of est, the biphasic increases in OPN protein by hypoxia
mesangial cells [2]. In the present study, cultures pre- paralleled the pattern of hypoxia-induced activation of
treated either with a different inhibitor of PKC (calph PKC observed in our earlier studies with mesangial cells
C) or a specific inhibitor of p38 MAP kinase (SB203580) [2]. Since calph C completely prevented the hypoxia-
significantly prevented the increases in [3H]-thymidine induced secretion of OPN, PKC activation is involved
incorporation induced by hypoxia (Fig. 11). Thus, both in the hypoxic stimulation of OPN synthesis.
Recently, numerous stress signals such as inflamma-PKC and p38 MAP kinase appear to regulate mesangial
tory cytokines, heat shock, osmolar stress, ultravioletcell growth by the induction of OPN synthesis. Neither
light and ionizing radiation, and shear stress have beencalph C nor SB203580 had any significant effect on
shown to activate p38 MAP kinase [12]. A large body[3H]-thymidine incorporation under normoxic conditions
of evidence suggests that both JNK and p38 MAP kinase(data not shown).
activation is associated with the induction of cell apopto-
sis [12]. However, recent evidence in hemopoietic cells,
DISCUSSION T cells, and myocardial cells suggests a novel role of p38
Our studies provide evidence that OPN mediates hyp- MAP kinase in mitogenesis [13, 14]. Our results show
oxia-induced proliferation of cultured mesangial cells. that hypoxia indeed activates p38 MAP kinase in a calci-
In addition, we found that hypoxia activates p38 MAP um- and PKC-dependent manner as a treatment with a
kinase, and that inhibitors of p38 MAP kinase as well calcium-channel blocker verapamil or calph C (an inhibi-
as PKC prevent the increases in both OPN and mesangial tor of PKC); as well, removal of calcium from the incu-
cell growth induced by hypoxia. bating medium reduced the hypoxia-induced activation
Studies utilizing neutralizing antibodies to ET-1 or of p38 MAP kinase (Figs. 8 and 9). In addition, a specific
PDGF suggest that neither the induction of ET-1 nor inhibitor of p38 MAP kinase (SB203580) significantly
PDGF are involved in the hypoxia-induced proliferation prevents the increases in both OPN and cell proliferation
induced by hypoxia (Fig. 10 and 11). To our knowledge,of mesangial cells (Fig. 3). These results are in agreement
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impaired differentiation by LLC-PK1 cells: Evidence based on thethis is the first direct demonstration of a role of p38
protein kinase C profile. Kidney Int 42:1145–1152, 1992
MAP kinase in the regulation of OPN and cell growth. 5. Sahai A, Patel MS, Zavosh AS, Tannen RL: Chronic hypoxia
impairs the differentiation of 3T3-L1 fibroblasts in culture: RoleTogether, the ability of verapamil and the inhibitors of
of sustained protein kinase C activation. J Cell Physiol 160:107–112,PKC and p38 MAP kinase to significantly block both
1994
OPN synthesis and proliferation suggests an important 6. Sahai A, Mei C, Zavosh AS, Tannen RL: Chronic hypoxia induces
LLC-PK1 cell proliferation and dedifferentiation by the activationrole for OPN in hypoxia-induced proliferation of mesan-
of protein kinase C. Am J Physiol 272(6 Pt 2):F809–F815, 1997gial cells.
7. Orphanides C, Fine LG, Norman JT: Hypoxia stimulates proximal
Osteopontin has also been shown to be associated with tubular cell matrix production via a TGF-b1-independent mecha-
nism. Kidney Int 52:637–647, 1997the proliferation of cultured vascular smooth muscle cells
8. Kim SB, Kang SA, Park JS, Lee JS, Hong CD: Effect of hypoxiaand cardiac fibroblasts, as well as tumor growth and on the extracellular matrix production in cultured rat mesangial
metastasis [23–25]. In the kidney, OPN appears to play cells. Nephron 72:275–280, 1996
9. Lou Y, Oberpriller JC, Carlson EC: Effect of hypoxia on thea damaging role in the development of tubulointerstitial
proliferation of retinal microvessel endothelial cells in culture.disease and glomerulonephritis of various initial etiolo- Anat Res 248:366–373, 1997
gies, as increased expression of OPN has been demon- 10. Falanga V, Kirsner RS: Low oxygen tension stimulates prolifera-
tion of fibroblasts seeded as single cells. J Cell Physiol 154:506–510,strated in animal models of angiotensin II and cyclosporine-
1993induced renal fibrosis [33, 34], hydronephrosis [35], acute 11. Falanga V, Martin TA, Takagi H, Kirsner RS, Helfman A,
puromycin aminonucleoside nephrosis [36], unilateral Pardes TJ, Ochoa MS: Low oxygen tension increases mRNA
levels of alpha 1 (I) procollagen in human dermal fibroblasts. J Cellureteral obstruction [37], and streptozotocin-induced di-
Physiol 157:408–412, 1993
abetes [38]. Since in our studies hypoxia-induced prolif- 12. Cano E, Mahadevan LC: Parallel signal processing among mam-
malian MAPKs. Trends Biochem Sci 20:117–122, 1995eration of both cultured renal mesangial and tubular
13. Foltz IN, Lee JC, Young PR, Schrader JW: Hemopoietic growthepithelial cells is accompanied by increased OPN synthe-
factors with the exception of interleukin-4 activate the p38 mitogen-
sis, it is tempting to speculate that hypoxia may be an activated protein kinase pathway. J Biol Chem 272:3296–3301, 1997
14. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME:important pathogenetic factor that contributes to pro-
Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis.gressive glomerular and tubulointerstitial disease by the
Science 270:1326–1331, 1995
stimulation of OPN synthesis. 15. Ratcliffe PJ, Ebert BL, Firth JD, Gleadle JM, Maxwell PH,
Masaya N, O’Rourke JF, Pugh CW, Wood SM: Oxygen regulatedIn conclusion, results of our studies demonstrate that
gene expression: Erythropoietin as a model system. Kidney Inthypoxia stimulates OPN expression in cultured rat mes- 51:514–526, 1997
angial cells, which appears to play an important role in 16. Shweiki D, Itin A, Soffer D, Keshet E: Vascular endothelial
growth factor induced by hypoxia may mediate hypoxia-initiatedhypoxia-induced mesangial cell proliferation. Hypoxia
angiogenesis. Nature 359:843–845, 1992causes an acute activation of p38 MAP kinase in a cal- 17. Kourembanas S, Hannan RL, Faller DV: Oxygen tension regu-
cium and PKC-dependent fashion, and both the inhibi- lates the expression of the platelet-derived growth factor beta chain
gene in human endothelial cells. J Clin Invest 86:670–674, 1990tors of PKC and p38 MAP kinase prevented the induc-
18. Kourembanas S, Marsden PA, McQuilian LP, Faller DV: Hyp-
tion of OPN and mesangial cell growth in the setting of oxia induces endothelin gene expression and secretion in cultured
chronic local hypoxia. human endothelium. J Clin Invest 88:1054–1057, 1991
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